Enhancing the spontaneous emission of light is at the heart of many photonic applications, ranging from lowthreshold lasing [1] and bright LEDs [2] to single-photon light sources [3] . In a suitably tailored dielectric environment that is structured at the scale of the wavelength, the spontaneous emission can be locally increased [4] . The enhancement of spontaneous emission rates in an optical resonant cavity, known as the Purcell effect, is described by the Purcell factor [5] , F p 3 4π 2 Q V λ n 3 , where λ∕n is the wavelength within the material and Q and V are the quality factor and mode volume of the cavity, respectively.
Most work so far has focused on achieving high Purcell factors by optimizing Q in low-loss dielectric optical cavities, leading to enhanced interaction between light and matter within a very narrow bandwidth [6] . An alternative way to increase the Purcell factor is to reduce the mode volume. Because of the oscillations of free electrons at metal interfaces, plasmonic nanostructures can concentrate optical fields into nanoscale volumes [7] .
With modest Q and extremely small mode volume in a designed plasmonic structure, a high Purcell factor can also be achieved [8] , enabling broadband-enhanced light emission. However, surface-plasmon-improved emissions recently reported are mostly based on rough metallic films [9, 10] or one-dimensional grating structures [9, 11] . In this Letter, by a simple and inexpensive method based on a self-assembly technology, we fabricate a two-dimensional (2D) plasmonic structure on a glass substrate, consisting of a gold-capped monolayer array of polystyrene (PS) spheres.
Fluorescent materials with host/guest system composed of 4,4 0 -bis(N-carbazolyl)-1,1 0 -biphenyl (CBP) and tris(1-phenylisoquinolinolato-C 2 ,N) iridium(III) [Irpiq 3 ] (1 wt. % concentration) are deposited on the structure in order to study the spontaneous light emission. The composited system, a so-called hybrid photonic-plasmonic structure, supports plasmonic [surface plasmon polariton (SPP)] modes. We have measured photoluminescence (PL) spectra for the structured samples and have obtained a strong enhancement of spontaneous emission. Such enhancement is demonstrated by Purcell effect in these optical modes, supported by the reflectance measurement and the finite-difference timedomain (FDTD) simulation results. Figure 1 (a) schematically illustrates the fabrication process of the photonic-plasmonic structure with fluorescent bulk heterojunction (BHJ) materials. First, a monolayer hexagonal-close-packed array of monodisperse PS spheres with a diameter of 600 nm (size dispersion 1%) was formed on a pretreated glass surface by a self-assembly method [12] . Second, a 50 nm thick gold film was deposited on the monolayer array of PS spheres by thermal evaporation. Because of the shadow effect, metallic caps can be formed on the PS spheres. After that, a 30 nm MoO 3 barrier layer and a 90 nm organic fluorescent BHJ material CBP:Irpiq 3 are thermally evaporated. Here the MoO 3 layer is employed as an electron blocking layer to prohibit excitons in the organic semiconducting layer far from the metallic electrode, avoiding the quenching effect at the metal/organic interface [13] . Figure 1 (b) illustrates top-down and cross-sectional (inset) SEM images of a portion of the accomplished hybrid structure. We find that these spherical elements are arranged regularly in a hexagonal lattice. A schematic of the combined structure with parameters is illustrated in Fig. 1(c) .
In order to investigate the enhancement of light emission comparatively, we also manufacture reference samples with barrier and fluorescent layers on bare and gold coated plain glass substrates. It is worth mentioning that we select the blend of CBP:Irpiq 3 with an emission peak around 630 nm [14] , which is comparable with the period of the self-assembled optical structure.
PL and reflectance spectra of the samples were measured using a microspectrophotometer, which was connected to a Nikon Eclipse TE-2000-U fluorescence microscope equipped with a 20× objective, a narrow bandpass (365 nm line of mercury spectrum) fluorescence filter cube, and a high-power mercury lamp. PL emitted from the fluorescent BHJ material was pumped in a focused spot (∼100 μm) confined by an aperture and then collected by the objective. Figure 2 shows the emission spectra at normal incidence for the structured and reference samples together with a reflectance spectrum for the structured sample. We find that no obvious enhancement is observed for the sample with gold coated glass substrate as compared to the one with plain glass substrate. (A small increase in the luminescence intensity is shown as expected because the metal reflects pump light back through the fluorescent layer, doubling the effective path of the incident light.) But for the structured sample, multifold broadband enhancement takes place in the spectral range of interest. In general, there are two dips in the reflectance spectrum of the structured sample. They are attributed to two optical modes excited in the photonic-plasmonic structure, which will be explained later. For the mode at λ 633 nm (Q ≃ 16), a 3 times enhancement in emission is observed when compared with that for the reference sample with the plain gold film. For the mode located at λ 716 nm (Q ≃ 25), emission is enhanced up to 30 times over the region of the mode, and thus the FWHM of the emission spectrum is broadened from 25 to 95 nm.
To explain the above phenomenon, a normal-incidence reflectance spectrum is obtained by three-dimensional (3D)-FDTD simulations. Figure 3(a) shows simulated and experimental reflection spectra for the hybrid photonic-plasmonic structure. Figure 3(b) presents the refractive indices of MoO 3 and CBP:Irpiq 3 . There are two dips (G1 and G2) in the spectra in Fig. 3(a) , corresponding to the modes of the light coupling to the system. This is because, for a 2D periodical lattice, if the in-plane component of incident light wave vector K ∥ satisfies the following phase-matching condition [7] , K OR K ∥ G mn , then coupled optical resonances can be excited. Here K OR is the wave vector of the coupled optical resonance and G mn 2π∕Λ represents the reciprocal lattice vectors of the 2D lattice. By using the weak scattering approximation, Λ 3 p 2 ma nb), where m and n are integers and a and b are two basis lattice vectors in the 2D lattice. From Eq. (2), we find that the emission characteristics of our system are with the possibility of tuning via using the dispersion relation at oblique incidence [15] or changing the lattice structures by applying elastomeric substrates [16, 17] .
In order to further explore the properties of each mode, we calculate the spatial distributions of their electric field. It should be pointed out that the contact points of Au caps are made smooth in the simulations, in accordance with any practical realization; such that they do not form point contacts which would otherwise generate field singularities. Figure 3(c) shows the jE x j field crosssection profiles in the direction normal to the 2D periodicity. For the G1 mode at λ 633 nm, it has a more complex field distribution extending both into the metaldielectric interface and the fluorescent layer. This mode corresponds to a hybrid SPP mode at the gamma point, which is with a slow group velocity at its resonant frequency [9] . Small group velocities produce large densities of photonic states at a wide range of spectra. Eventually the plasmonic structures presented here lead to the enhanced spontaneous emission.
For the G2 mode at λ 716 nm, the electric field concentrates at the sharp corner formed by the adjacent metallic semishells, which is believed to be a SPP mode. In order to further illustrate these two modes, a field profile [ Fig. 3(c) (right) , labeled as G2-2] of G2 is also presented (using same color scale as for G1). We notice that the largest field intensity (jE x j 2 ) of the G2 mode is 60 times that of the G1 mode. Furthermore, the leaky energy of G2 mode can penetrate into a large proportion of the fluorescent layer, which is in agreement with the bigger enhancement in the emission spectrum over the region of the G2 mode.
The effective volume of an optical resonant mode is commonly determined by
For plasmons [18] , the effective energy density [19] ϵ e jEj 2 that enters the mode volume is given by ϵ 0 2 n 2 2nkω γ jEj 2 using an oscillator model with damping frequency γ for the dielectric constants. We can easily calculate the mode volumes with the field intensity from the 3D-FDTD simulation. The mode volumes for the G1 mode and G2 mode of the photonicplasmonic structure are 0.017 and 0.001 μm 3 , respectively. Thus, we can find that the F p of the G2 mode (∼130) is about 40 times bigger than that of the G1 mode (∼3.3) in theory. This is because the G2 mode has a much smaller mode volume. In the case presented here, the field confinement in the fluorescent-medium volume offered by the G2 mode allows increased emission with a much bigger enhancement factor. It should be mentioned that the general Purcell factor formula used in our calculations only gives approximate results for photoemission enhancement in plasmonic structures [20] .
In conclusion, we have demonstrated a photonicplasmonic structure, consisting of a self-assembled plasmonic substrate and a fluorescent dielectric layer. The structure supports plasmonic modes. The spontaneous emission can be strongly enhanced through coupling to these modes. For the G1 mode, a 3 times enhancement in emission is observed. On the other hand, because of the extremely small mode volume of the G2 mode, the emission is enhanced up to 30 times and the FWHM of the emission spectrum is broadened from 25 to 95 nm. The broadband enhancement is further supported by the reflectance measurement and the FDTD simulation. We believe that the photonic-plasmonic structures fabricated by the simple and economic method can be potentially used in efficient light-emitting devices or broadband luminescent sources.
